Abstract. The possibility to obtain zeolite ITQ-24 in a wide Si/Ge range of compositions have made possible to study the preferential location of Ge atoms in the zeolitic framework. Also, it has allowed studying the effect of zeolite composition on the thermal properties of these materials, varying their composition while maintaining a neutral framework without extra-framework cations.
Introduction
Zeolites are microporous materials of great interest not only for academia, but also for their potential application as adsorbents, ion exchangers and catalysts; also, recently, some applications have been described for medicine, optics, magnetism and nanotechnology [1] . The main properties and applications of zeolites are closely related not only to their chemical composition, but also to the size and spatial distribution of the channels and cavities of their porous structures. Up to now, 167 different structures have been accepted by the International Zeolite Association [2] . Zeolite ITQ-24 (IWR) possesses interconnected 10 and 12 ring pores, and represents one end member of the CON family, formed also by SSZ-26, SSZ-33 and CIT-1 [3] [4] [5] ; however, differently to the other members, ITQ-24 presents double four ring units (D4R) in its structure. Then, it is possible to synthesize ITQ-24 as a germanosilicate by taking advantage of the fact that the incorporation of Ge during the synthesis generally promotes the formation of zeolitic structures containing D4R units [6] . More recently, the combination of rational design and high-throughput techniques has allowed us to obtain this zeolite as pure-silica form [7] . It is notorious that the combination of X-ray powder diffraction and solid state 29 Si NMR of the calcined pure silica sample allowed to determine that the real symmetry of this material (space group Amm2) is slightly lower than that originally proposed (Cmmm), with twice number of symmetry-independent T-sites. Also, it has been described previously that many zeolites present an unusual negative thermal expansion [8] [9] [10] [11] [12] . However, all the results obtained were referred exclusively to pure silica and to aluminium-containing zeolites, where the presence of charge-compensating cations could largely affect the thermal behaviour of the framework. Now, the possibility to obtain highly crystalline pure ITQ-24 zeolites within a wide range of Si/Ge compositions, keeping in all cases framework electro-neutrality, allows performing the study of the effect of the framework composition on the thermal expansion of these materials, avoiding the influence of extra-framework species.
Sample preparation and data collection Pure silica and germanium containing ITQ-24 samples were prepared as previously reported [7] . The samples were calcined in situ at 700ºC under a dry He/O 2 atmosphere (75/25 volume %) in an XRK-900 reaction chamber of Anton-Paar, attached to a PANalytical X'Pert PRO diffractometer, to remove the occluded organic. After cooling at room temperature, the X-ray diffraction pattern of each sample was collected in Bragg-Brentano geometry using an X'Celerator detector and Cu Kα 1,2 radiation (tube voltage and intensity: 45 kV and 40 mA; fixed divergence slit (1/16º); scan range: 3-75º 2θ; step size: 0.017º 2θ, counting time: 1000 s/step). Then, subsequent patterns were collected at increasing temperatures using the same conditions as at the measurements performed at room temperature, with a counting time of 200 s/step (heating rate: 4º/min; stabilization time before each measurement: 30 min). Rietveld refinements of the structures with different germanium contents were performed with the program FULLPROF [13] using the data collected at room temperature. The distribution of Ge in the different T-sites was calculated from the different scattering factors of Si and Ge. Although the structures were refined in the Amm2 group, the occupancies of the Tsites that were symmetry-related in Cmmm have been constrained to be equal for stability of the refinements. The cell parameters of the zeolites at different temperatures were calculated from the profile refinement of the diffraction patterns using FULLPROF.
Results and discussion

Distribution of germanium in the framework
Due to the larger ionic radius of Ge compared with Si, the incorporation of Ge produces an increase of the cell parameters and the cell volume ( Table 1 ), confirming that it is replacing Si isomorphically in the ITQ-24 framework. The Rietveld refinement of the data collected at room temperature for the calcined samples allows determining the distribution of Ge among the different T-sites. As shown in figure 1, Ge locates preferentially at T1, corresponding to the double 4-rings (D4R) in the structure. This effect seems to be a general trend in Ge-containing zeolites, as previously found for other structures as ITQ-17 [14] , ITQ-21 [15] or ITQ-22 [16] . It is particularly interesting that there exists an almost linear correlation between the number of Ge atoms in the unit cell and in the T1 sites along the complete range of Si/Ge ratios studied in this work. Ge occupation in T2 and T3 follows a similar tendency, being the replacement in T3 always higher than in T2. In both T-sites, Ge content slowly increases with the total Ge content in the unit cell up to a value of 12 Ge per cell, which corresponds to a 50% replacement of Si with Ge in the T1 sites. When this value is reached, the Ge occupancy in the T2 and T3 sites rises faster, as previously reported for ITQ-17 [14] . Last, the case of T4, corresponding to the single 4-ring is anomalous. In this case, T4 is the second preferred site for Ge location, after T1, up to a value around 8 Ge per unit cell. Above this value, however, the occupation clearly decreases, been the less preferred site in the material containing 15.7 Ge per unit cell.
Figure 1. Distribution of Ge among the different T-sites in ITQ-24 samples as a function of the Ge content. The inset indicates the location of the T-sites in the structure
Although the X-ray diffraction data gives information on the overall substitution of Ge atoms at T1 sites, no information about the distribution of these atoms among the D4R cages is provided. In order to elucidate the real composition of these cages, the use of additional 19 F MAS NMR data proves to be extremely helpful. Due to the fact that fluorine atoms tend to be located inside the D4R units, and taking into account that this technique is very sensitive to the chemical environment of fluorine, it can provide evidence for the possible heterogeneity in the D4R composition. [12, 17] Figure 2 shows the 19 F MAS NMR spectra of five ITQ-24 non-calcined samples with different amounts of Ge per unit cell. The spectrum of the Ge-free sample shows only one band at -38 ppm, corresponding to fluoride anions located in pure silica D4R cages. The incorporation of Ge atoms entails the apparition of two new bands at -19 and -8 ppm, assigned to fluoride inside cages with 1 and 4 Ge respectively. The broadening of the latter band suggests either the presence of a certain disorder in the cages or the overlapping of additional bands corresponding to 3 or 5 Ge atoms per cage. As the Ge content increases, a progressive decrease in the band at -38 ppm first, and in the band at -19 ppm for higher amounts of Ge, is observed. This reduction in accompanied by an increase in the band at -8 ppm, which is the unique band observable for the sample containing 15.7 Ge per unit cell. The slight displacement of this band towards -7 ppm and the fact that, according to the XRD data, the Ge substitution in the D4R can reach values higher than 50% indicates that, probably, the band broadening is mainly due to the contribution of, at least, one additional band corresponding to Ge-richer cages. 
Thermal expansion of ITQ-24
As can be seen in figure 3 , the thermal behaviour of zeolite ITQ-24 is extremely dependent on its chemical composition.
Pure silica ITQ-24 presents a negative thermal expansion, typical in zeolites, along the a and c axis. However, this material presents an unusual positive expansion at temperatures below 200ºC along the b axis; above this temperature, the tendency changes and exhibits a negative expansion. In contrast, the a parameter of the Ge-richest sample (15.7 Ge per unit cell) is almost insensible to temperature, while c decreases very slightly and b clearly diminishes when increasing temperature. In both materials, the behaviour along a and c is similar and very different along b, the direction containing the higher density of 4R and D4R units; however, their cell volumes change almost identically. For compositions in between, it is clear that the thermal behaviours are not linearly related with their compositions. Therefore, the cell of the sample containing 8.1 Ge presents a relative variation of the a and c parameters almost identical that for the pure silica sample, but b coincides with the Ge-richest sample. Finally, the sample with 12.6 Ge per unit cell exhibits a very different behaviour; up to 300ºC it presents the largest negative expansion but, above this temperature, the cell parameters remain constant in the temperature range studied.
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Concluding remarks
The possibility of synthesizing the zeolite ITQ-24 in a large range of Si/Ge compositions allows studying the effect of Ge content on preferential occupation and thermal behaviour. Ge atoms tend to locate in the D4R, which seems to be a general trend for Ge-containing zeolites; once reached a 50% occupancy in those cages, occupancy of T2 and T3 starts to rise faster. Occupancy of T4 in ITQ-24 is unusual, increasing up to 8 Ge per cell, and decreasing after this value. Composition plays a critical role on the thermal behaviour of ITQ-24. Depending on the Ge content and on the working temperature range, the thermal expansion of this zeolite, clearly anisotropic along the b axis, can be positive, negative or even zero, yielding interesting properties to this material.
